Magnetic hysteresis loops are measured by ultrasonic techniques and used in visualizing the magnetic-flux distribution in a steel plate. The piezomagnetic coefficient determines the amplitude of acoustically stimulated electromagnetic (ASEM) fields, yielding the hysteresis behavior of the intensity of the ASEM response. By utilizing the high correspondence of the ASEM response to the magnetic-flux density, we image the specific spatial patterns of the flux density formed by an artificial defect in a steel plate specimen. Magnetic-flux probing by ultrasonic waves is thus shown to be a viable method of nondestructive material inspection.
Introduction
All ferromagnetic materials exhibit hysteresis in the variation of flux density B with magnetic field H. Hysteretic properties, such as permeability, coercivity, remanence, and hysteresis loss are known to be sensitive to such factors as stress, strain, grain size, and heat treatment. Because hysteresis measurements yield a number of independent parameters of materials, they have been used in the determination of material properties, in stress sensor applications, and in nondestructive evaluation (NDE) of large-scale structures. [1] [2] [3] For instance, the leakage flux techniques with magnetic sensors are often used to detect a defect or flaw from anomalies in magnetic flux. 1) In the conventional techniques, however, the distance between the sensor and an object (lift-off) should typically be less than 1 mm and maintaining a constant lift-off is difficult for a complex structure or rough surface.
Recently, we presented a magnetic detection technique that incorporated ultrasonic inspection. 4, 5) The principle of this technique is based on the generation of acoustically stimulated electromagnetic (ASEM) fields through magnetomechanical coupling. An advantage of the ASEM method is that it is compatible with conventional ultrasonic pulse-echo sensing, and can be used for evaluating the magnetic properties of a material even in optically opaque objects such as a human body, plastic, and concrete. 5) In addition, unlike the leakage flux techniques, the intrinsic magnetic flux flowing inside the target materials is visualized through RFultrasonic excitation. Another feature of the ASEM method is that the distance between the RF-receiver antenna and the target sample (typically 1-5 cm) does not affect the spatial resolution; it is determined by the size of the ultrasonic focal spot. Therefore, centimeter-scale lift-off is acceptable in this method. This allows the difficulty of constant lift-off to be reduced. To make the ASEM method practical for NDE applications, however, it is important to clarify the hysteresis properties of the ASEM response. In this paper, we show the hysteresis loop of the ASEM response and demonstrate the detection of anomalies in magnetic flux caused by a defect in a steel plate specimen.
Theoretical background
To complete the description of magnetic hysteresis in stress fields, there must be a constitutive relation between the magnetic field H, the magnetic flux density B, and the stress T. The B should be expressed by a nonlinear function, B = F(H, T ) = μ 0 H + M(H, T ). The phenomenon of hysteresis implies that the magnetization M(H, T ) is not a singlevalued function of H and T. For small reversible changes in the linear response regime, magnetostriction is phenomenologically equivalent to piezomagnetism.
6) The piezomagnetic coefficient d jm can be defined by
where μ 0 is the space permeability, j = 1, 2, and 3, and m ¼ 1; 2; . . . ; 6. When stress T m (t) is applied through acoustic irradiation, the magnetic flux density B j in the material is temporally modulated by the following formula:
In the ASEM method, the near-field components of the RF magnetic fields emitted to the surrounding environment are detected. We should note that the ASEM response arises from the intrinsic flux confined in ferromagnetic materials and not from leakage flux from the surface of the materials into the air; this latter type is detected by the standard flux leakage technique for NDE. Therefore, correction of the demagnetizing fields, which depends on the shape of the specimen, is not required in the ASEM method. If H, B, and M are axial vectors parallel to the 3-axis in ferromagnetic materials, then the nonzero piezomagnetic coefficients will be limited to d 31 = d 32 and d 33 in the uniaxial symmetry of a polycrystalline medium. When the wave vector k of longitudinal ultrasonic waves is parallel to the 1-axis in the present setup [ Fig. 1(a) ], the signal voltage V sig (H, t), detected by a tuned loop antenna, can be expressed as 5) V sig ðH; tÞ / À 1 2r 3 d 31 ðHÞ _ T 1 ðtÞ; ð3Þ
where r is the distance between the locally modulated magnetization and the observation point. Consequently, the field dependence of the signal intensity can be identified with that of the piezomagnetic coefficient d 31 (H ) = (∂B 3 =∂T 1 ) H .
Experimental setup and samples
ASEM measurements have been performed by the probe method [ Fig. 1(a) ]. 4) As the reference data of magnetization, we also measure the leakage flux density B leak using a commercial Hall sensor (Lakeshore MFT-3E03-VH). A specimen (JIS G 3101 SS400; size: 50 × 50 × 0.8 mm 3 ) is subjected to external magnetic fields along the direction of one edge of the plate (the 3-axis) using a commercial electromagnetic coil. The B leak is detected along the 3-axis [the inset of Fig. 1(a) ]. The ultrasonic focal point (focal spot size: 0.8 mm) is scanned over the whole area of the specimen by moving the transducer with an integrated pick-up loop antenna (tuned frequency: 8.9 MHz; diameter: 10 mm) while holding the distance r constant (r ' 15 mm). The steel plate specimen with an artificial defect (a 1-mm-diameter hole) is placed in the focal zone at a distance of about 40 mm from a 10 MHz transducer (diameter: 20 mm). Accordingly, the target signal is temporally separated from the transducer excitation noise signals.
4) The ASEM response is shown in Fig. 1(b) , where the signal is amplified by 80 dB and averaged over 10000 pulses at a repetition frequency of 1 kHz. The two signals coincident with the excitation t = 0 µs and the echo t = 53 µs (≡ τ echo ) signals are attributed to the electromagnetic noise signals generated by the transducer. We observe a signal starting at the midpoint t = 26.5 µs between the excitation and the echo pulses [ Fig. 2(a) ]. This is identified as the ASEM response emitted by the steel plate. The slight deviation of the ASEM delay time from τ echo =2 (about 160 ns) is attributed to the presence of lowand high-pass filters incorporated into the ASEM measurement setup.
The ASEM waveform indicates that the phase is inverted in the opposing field direction [ Fig. 2(a) ], suggesting that the direction of magnetic polarization can be determined during phase-sensitive heterodyne detection in the ASEM method. 4) In the Fourier analysis of the waveform, we observe the main peak at the tuned frequency of the antenna (8.9 MHz) and two satellite peaks at 7.6 and 11.5 MHz [ Fig. 2(b) ]. The satellite peaks correspond to the thickness modes of one wavelength and three-quarter wavelength resonances in the steel plate, respectively. Thus, the confined elastic waves yield a long tail of electromagnetic radiation, as seen in Fig. 2(a) .
Results and discussion
Figure 3(a) shows the initial magnetization curve and a hysteresis loop in the ASEM intensity and the leakage flux density B leak . Under the initial condition, the sample is demagnetized by applying alternating current to the magnet (AC demagnetization method). The ASEM intensity j " V sig j is here defined as the integral of signal voltage V sig (t): where Δτ is the integrated time. As shown in Fig. 2(a) , the value of Δτ is set to 500 ns to avoid interference by elastic waves from additional signals emitted distantly from the focal spot. No distinct phase change of the ASEM signals is observed in this experiment. The component of B leak parallel to the surface is measured at a position distant from the hole (the R region; this is shown in Fig. 4) .
As shown in Fig. 3 (b), the minimum (at H min ' AE2:0 kA=m) is not observed in the initial magnetization curve. In addition, the minimum values in the hysteresis loop are comparable to the ASEM intensity under the demagnetized initial condition. It follows that the minimum observed in the hysteresis loop indicates a demagnetized condition; H min corresponds to the so-called coercivity H c . The B leak curve shows an inflection point at H min [ Fig. 3(c) ], but no significant difference is observed between the initial magnetization curve and the hysteresis loop. This is reasonable because the presence of remanent magnetization is not detected in the B leak measurements. At H > |H min |, the ASEM intensity increases as the magnetic field is increased and shows a maximum value at around |H| = 20 kA=m.
We here offer a simple explanation for the H-dependence of the ASEM intensity. Under the demagnetized condition, microscopic domains are aligned to reduce the macroscopic magnetization to zero (to decrease magnetostatic energy). The net temporal modulation of B j by acoustic pressure will vanish when statistically averaged over a focal spot size of about 1 mm; this results in a minimum of j " V sig j at H min (= H c ). In the process of increasing magnetization at relatively low fields, the domains can be easily rearranged when the stress is applied. 7, 8) Above a critical field, the domain-wall movement will be completed, and the stress sensitivity of magnetization decreases as the magnetic field is increased. In the high-field limit (|H| → ∞), the magnetic alignment becomes sufficiently stable; in this case, the RF fields driven by acoustic pressure on the order of 10 1 kilopascals will be absent. It follows that the ASEM response shows a maximum in the H-dependence. In the linear response regime, 5) the ASEM intensity corresponds to the slope of the magnetostriction curve, as observed in the transmitter properties of EMAT techniques, 9, 10) because
Hysteresis measurement by ultrasonic techniques should find interesting applications in material evaluation and NDE. Figures 4(a) and 4(b) represent a numerically calculated image and an ASEM image for an artificial defect (1-mmdiameter hole) in a steel plate specimen, respectively. We observed a specific pattern of the ASEM intensity around the defect. Under the experimental conditions, the applied H is 40 kA=m, where the field dependence of the ASEM intensity has a negative slope in Fig. 3 . Therefore, the contrast of the ASEM image [ Fig. 4(b) ] is reversed for the distribution of the calculated intrinsic flux density. To quantitatively confirm that the contrast of the ASEM image originates from the field dependence, as shown in Fig. 3 , we first numerically calculated the relative ratio of B leak around the defect. Using the B leak = 32 mT experimentally obtained in the R region of Fig. 4 , we estimated B leak to be 9.6 and 35 mT, in the P and Q regions, respectively. Therefore, the leakage flux densities in the P and Q regions correspond to field conditions of 14 and 46 kA=m, respectively, from the B leak curves in Fig. 3 . Accordingly, the ratio of the ASEM intensity between the P and Q regions is evaluated to be about 1.7 from the data in Fig. 3 . The result derived from the field dependence in Fig. 3 is in agreement with the intensity ratio between the P and Q regions of about 2, as evaluated from imaging results. Figure 5(a) shows the ASEM image in a defect-free specimen. The root-mean-square deviation of the ASEM intensity over the scanned area is about 1.5 V in the specimen without a defect [ Fig. 5(a) ], while a clear contrast of the ASEM intensity is widely observed in the plate with a defect [ Fig. 5(b) ]. This result indicates a magnification effect through magnetic flux distribution. We should note that the minimum detectable size of flaws is not determined by the size of the ultrasonic focal spot (0.8 mm diameter in the current setup) in this method. The flux anomaly caused by the presence of a flaw is normally extended to a region larger than the actual geometric size of a defect [typically 5 times as seen in Fig. 5(b) ], which is beneficial for NDE. 1) Furthermore, the flaw to be detected may be a grain of lower permeability (that is insensitive to echo signals). If the permeability of the grain is sufficiently lower than that of the host ferromagnetic substrate, a similar specific ASEM pattern is expected. In this experiment, a relatively large hole with space permeability is used in the demonstration, but the ASEM method has the potential to exceed the applicable scope of the standard echo inspection.
To further confirm the origin of the specific pattern, we also measure the normal components of the ASEM fields in a static magnetic field of H = 40 kA=m (Fig. 6) . The ASEM response is larger at four diagonally opposite areas around the hole [ Fig. 6(c) ], which is reasonable given the amplitude of the field components projected in the detection direction [ Fig. 6(b) ]. In addition, these results indicate a specific advantage of the ASEM method: individual vector components of the intrinsic flux confined in the material can be independently measured by varying the configuration of antennas.
11)

Conclusions
We showed the magnetic hysteresis behavior of the ASEM response and applied it to the magnetic-flux imaging of a steel plate. The properties obtained by the ASEM method are (1) the direction of magnetic polarization, determined by the phase of the waveform; (2) the coercivity, obtained as the minimum of the hysteresis behavior of the ASEM intensity; (3) the individual vector components of the intrinsic flux density, selectively measured by adjusting the antenna configuration; 11) and (4) the spatial distribution of the intrinsic flux density by ultrasonic scanning, yielding a magnification effect of a flaw. This method will be also applicable for material evaluation because the local B-H characteristics for the intrinsic flux can be obtained. 
